Nicotinic acetylcholine receptors (nAChRs) assemble in the endoplasmic reticulum (ER) and traffic to the cell surface as pentamers composed of ␣ and ␤ subunits. Many nAChR subtypes can assemble with varying subunit ratios, giving rise to multiple stoichiometries exhibiting different subcellular localization and functional properties. In addition to the endogenous neurotransmitter acetylcholine, nicotine also binds and activates nAChRs and influences their trafficking and expression on the cell surface. Currently, no available technique can specifically elucidate the stoichiometry of nAChRs in the ER versus those in the plasma membrane. Here, we report a method involving single-molecule fluorescence measurements to determine the structural properties of these membrane proteins after isolation in nanoscale vesicles derived from specific organelles. These cell-derived nanovesicles allowed us to separate single membrane receptors while maintaining them in their physiological environment. Sorting the vesicles according to the organelle of origin enabled us to determine localized differences in receptor structural properties, structural influence on transport between organelles, and changes in receptor assembly within intracellular organelles. These organelle-specific nanovesicles revealed that one structural isoform of the ␣4␤2 nAChR was preferentially trafficked to the cell surface. Moreover, nicotine altered nAChR assembly in the ER, resulting in increased production of the receptor isoform that traffics more efficiently to the cell surface. We conclude that the combined effects of the increased assembly of one nAChR stoichiometry and its preferential trafficking likely drive the up-regulation of nAChRs on the cell surface upon nicotine exposure. . 3 The abbreviations used are: nAChR, nicotinic acetylcholine receptor; ER, endoplasmic reticulum; ID, integrated density; N2a, neuroblastoma 2a; PM, plasma membrane; PMID, plasma membrane integrated density; %PM, percentage on plasma membrane; SEP, superecliptic pHluorin; TIRF, total internal reflection fluorescence; PMCA, plasma membrane calcium ATPase; ROI, region of interest.
Nicotinic acetylcholine receptors (nAChRs) 3 assemble in the endoplasmic reticulum (ER) and traffic to the cell surface as pentamers composed of ␣ (␣2-␣10) and ␤ (␤2-␤4) subunits (1) (2) (3) (4) (5) . Many subtypes of these receptors can assemble with varying ratios of subunits, giving rise to multiple stoichiometries that exhibit different subcellular localization and functional properties (6 -9) . In addition to the endogenous neurotransmitter acetylcholine, nicotine also binds to and activates these receptors. It has been shown that nicotine influences the trafficking of nAChRs, resulting in increased expression on the cell surface (10 -14) . It has also been proposed that nicotine and other ligands alter the assembly of the ␣4␤2 nicotinic receptor, resulting in a decrease in the low-sensitivity stoichiometry, (␣4) 3 (␤2) 2 , and an increase in the high-sensitivity stoichiometry, (␣4) 2 (␤2) 3 (8, (15) (16) (17) (18) . Until now, no techniques were capable of specifically determining the stoichiometry of receptors in the ER versus those on the plasma membrane. We developed a single-molecule technique that allowed us to differentiate between receptors localized in the ER and plasma membrane to quantify the stoichiometry of individual receptors (Fig. 1) .
Single-molecule fluorescence measurements are widely utilized to investigate protein dynamics including the detection of conformational changes, stoichiometry, and protein mobility (17, 19, 20) . Experiments with this level of detail are only feasible after purification of the protein from its physiological cellular environment (21, 22) . This type of purification is not achievable for many types of membrane proteins, which lose their structural and functional integrity when removed from their native cellular environment. This restricts single-molecule studies to a small number of membrane proteins. Other techniques, such as single-molecule pulldown, have also been used to capture proteins from cellular systems extending single-molecule studies to a wider range of proteins (19, 23, 24) . Still, one of the primary limitations to applying these current approaches to membrane receptors is that organelle-specific information is lost during protein purification. Membrane proteins are synthesized in the ER and then trafficked to the cell surface through the secretory pathway. Assembly of individual subunits that comprise oligomeric membrane proteins also takes place in the ER prior to transport to the cell surface. Understanding drug-induced changes in the distribution of protein isoforms between the ER and plasma membrane is vital to determining how moderately different structural properties can vastly impact functional properties. Isolation of individual membrane receptors in cell-derived nanoscale vesicles composed of original membranes enables the separation of receptors based on organelle (25, 26) . Investigation of oligomeric proteins from specific organelles at a single-molecule level provides a way to distinguish between different structural and functional populations of these proteins, allowing the effect of changes in assembly on protein trafficking to be directly studied.
Here we report a novel approach that enables us to perform organelle-specific single-molecule studies of membrane proteins. We can effectively select populations from the ER and the plasma membrane to quantify properties such as the distribution of stoichiometric assemblies of oligomeric proteins. We applied this technique to study nicotine-induced changes in the assembly of ␣4␤2 nAChRs in the ER and changes in trafficking to the cell surface.
Results

Ligand-induced up-regulation of ␣4␤2 receptors
Nicotine and several other nicotinic receptor ligands have been shown to up-regulate the number of receptors on the cell surface. It has been hypothesized that this up-regulation is connected to changes in receptor stoichiometry (18, 27) . We first evaluated a series of ligands to determine whether they altered the expression and trafficking of ␣4␤2 by using a pH-sensitive fluorophore, super ecliptic pHluorin (SEP) (11, 28, 29) . The SEP label was genetically incorporated into the protein sequence of the receptor so that it was on the luminal side of the ER and the extracellular side of the plasma membrane (Fig. 2, A and B) . SEP is fluorescent at neutral pH and quenched at acidic pH. Thus, receptors in the ER and plasma membrane will exhibit fluorescence, whereas receptors in the Golgi and trafficking vesicles are not fluorescent. Using total internal refection fluorescence microscopy, we measured ligand-induced up-regulation of ␣4␤2 expression on the plasma membrane as an increase in plasma membrane integrated density (PMID) and a change in the distribution between the ER and plasma membrane (%PM) as compared with control cells (26, 30) . Exposure to nicotine or cytisine resulted in a 2.5-fold increase, varenicline yielded a 2-fold increase, and bupropion resulted in a 1.5-fold increase in ␣4␤2 expression on the cell surface ( Fig. 2C ). Additionally, the intracellular distribution of ␣4␤2 between the plasma membrane and peripheral ER (%PM) shifted toward the plasma membrane upon exposure to each of these ligands ( Fig. 2D ). Comparisons between the ligands showed that nicotine provides the highest level of up-regulation in terms of expression and distribution toward the plasma membrane.
Ligand-induced changes in ␣4␤2 assembly
To determine whether ligands that up-regulated nicotinic receptors also changed their assembly, we then generated whole-cell nanovesicles from cells expressing ␣4GFP ␤2wt nAChRs ( Fig. 3A ) and examined the distribution of the two possible ␣4␤2 isoforms, (␣4GFP) 2 (␤2) 3 and (␣4GFP) 3 (␤2) 2 . Nanovesicles were derived from cells both in the presence and absence of the nicotinic ligands. Single receptors were then isolated into membrane-derived vesicles via nitrogen cavitation, immobilized on a glass surface, and imaged using total internal reflection fluorescence (TIRF) microscopy. A representative image of isolated vesicles is shown in Fig. 3B . We then determined the number of photobleaching events (31-33) from the intensity time traces recorded for the fluorescence of each nanovesicles (Fig. 3 , C and D). The assignment of the stoichiometric distribution is complicated by the fact that a small fraction of GFP exists in a non-fluorescent state (25, 34) . Additionally, the observed distribution of photobleaching events arises from a combination of (␣4GFP) 2 (␤2) 3 and (␣4GFP) 3 (␤2) 2 stoichiometries. To account for these factors, the observed distribution was fit to two binomial distributions, corresponding to the distributions of the photobleaching events of (␣4GFP) 2 (␤2) 3 and (␣4GFP) 3 (␤2) 2 . They were weighted iteratively to determine the contribution of each stoichiometry. Results from these unsorted vesicles provided a measure of the whole-cell distribution of ␣4␤2 stoichiometries. In the absence of any ligand, we observed a distribution of 41% (␣4) 2 (␤2) 3 and 59% (␣4) 3 (␤2) 2 (Fig. 4A ). The presence of nicotine shifted the distribution of stoichiometry to 59% (␣4) 2 (␤2) 3 and 41% (␣4) 3 (␤2) 2 (Fig. 4B) . A comparison of all ligands showed that each altered the assembly toward (␣4) 2 (␤2) 3 with cytisine increasing to 50%, varenicline increasing to 54%, and bupropion increasing to 55% Nitrogen cavitation is used to fragment the cells forming small membrane domains from cellular organelles. These membrane domains spontaneously form nanoscale vesicles. The domains and subsequent vesicles are small enough that there is a low probability of more than one receptor being encapsulated. The resulting vesicles have the same membrane properties as the organelle of origin, thus maintaining a physiological environment. Differences in the densities between the organelle membranes are used to separate them via gradient centrifugation. Vesicles are isolated on glass substrates for TIRF imaging.
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of the high-sensitivity stoichiometry ( Fig. 4 , C-E). The observed distribution of bleaching steps is shown in Table 1 .
Organelle-specific stoichiometry of ␣4␤2
We isolated nanovesicles and then sorted them via gradient centrifugation into those derived from the ER and plasma membrane ( Fig. 1) . Differences in the density of endogenous ER and plasma membrane allow nanovesicles originating from these organelles to be separated using a density gradient (35) . We verified the separation of vesicles using organelle-specific antibodies via Western blot analysis. The ER marker, anti-calnexin, was only found in the three fractions with the highest density, whereas the PM marker, anti-plasma membrane calcium ATPase (PMCA) or anti-Na ϩ /K ϩ ATPase was found in fractions with the lowest density ( Fig. 5 ). We utilized this organelle-specific approach to distinguish between changes in receptor stoichiometry during assembly versus altered trafficking.
Because nicotinic receptors are synthesized in the ER, differences in assembly are reflected in the stoichiometry of this population. Receptors are trafficked to the cell surface after assembly; thus, a change in the stoichiometry on the plasma membrane reflects preferential trafficking or increased stability on the cell surface. We performed separate single-molecule studies on both the ER and plasma membrane-specific nanovesicles. Single-molecule photobleaching analysis relies on the observation of single step bleaching events of GFP where each bleaching event corresponds to a single subunit. Our results using GFP-labeled ␣ subunits showed that the predominately expressed stoichiometry of ␣4␤2 nAChRs depends on the subcellular region. Receptors encapsulated in nanovesicles derived from the ER show that in the absence of nicotine, ␣4␤2 nAChRs predominately assemble with the low-sensitivity stoichiometry of (␣4) 3 (␤2) 2 . The distribution of photobleaching events from the ER resident ␣4␤2 nAChRs fit to a theoretical distribution showing that TIRF imaging of SEP, a pH-sensitive analog of GFP, is used to determine the expression and distribution of receptors between the ER and plasma membrane. SEP was genetically encoded into the ␣4 subunit to generate an ␣4-SEP construct. The ␣4-SEP ␤2-wt nicotinic receptors were expressed in N2a cells and imaged under TIRF. A, when the pH of the extracellular solution (ECS) was maintained at 7.4, receptors both in the ER and in the plasma membrane were observable. The observed fluorescence intensity is due to both the ER and plasma membrane receptor populations. B, when the extracellular solution was replaced with a pH 5.4 solution, all SEP on the plasma membrane transition to a non-fluorescent state, and only the receptors within the ER are visible. C, the integrated density of ␣4␤2 on the plasma membrane increased from ϳ2.5 ϫ 10 6 in the absence of any compound to 7 ϫ 10 6 in the presence of nicotine (Nic) or cytisine (Cyt). Varenicline (Var) and bupropion (Bup) both resulted in a 2-fold increase in the integrated density on the plasma membrane demonstrating ligand-induced up-regulation. D, the percentage of the receptors present on the plasma membrane increased from 21.5% for control cells to 30 -40% for all nicotinic receptor ligands, showing a shift in distribution of receptors toward the plasma membrane (n ϭ 61, 47, 42, 38, 51) . The data are mean values Ϯ S.D.). ***, p Ͻ 0.001. Integrated density (average fluorescence intensity ϫ area) is the total gray values background within a region of interest that encompasses a cell. PMID is obtained by subtracting the integrated density of pH 5 image of a cell from pH 7 image of the same cell. . Whole-cell evaluation of (␣4) 2 (␤2) 3 versus (␣4) 3 (␤2) 2 assembly upon exposure smoking cessation agents. Expected distributions of one, two, and three photobleaching steps were obtained by weighting two binomial distributions. A 2 goodness-of-fit test was used to verify expected and observed distributions of two and three GFP-labeled ␣4 subunits. A, in the absence of a pharmacological agent, the ␣4␤2 population exists as 41% (␣4) 2 (␤2) 3 and 59% (␣4) 3 (␤2) 2 . B, 500 nM nicotine alters the ratio of isoforms to 59% (␣4) 2 (␤2) 3 and 41% (␣4) 3 (␤2) 2 . C, 500 nM cytisine shifts the stoichiometry to 50% high-sensitivity receptors. D, 500 nM varenicline shifts the distribution to 54% high-sensitivity receptors. E, 500 nM bupropion shifts the stoichiometry to 55% high-sensitivity receptors, (␣4) 2 (␤2) 3 . The error bars for the subunit distribution are based on counting events and are calculated as the square root of the counts. 
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weighted for 30% (␣4) 2 (␤2) 3 and 70% (␣4) 3 (␤2) 2 (Fig. 6A ). Single-molecule analysis of isolated ␣4␤2 nAChRs encapsulated in nanovesicles derived from the plasma membrane had a higher fraction of the high-sensitivity isoform. This fit to 54% (␣4) 2 (␤2) 3 and 46% (␣4) 3 (␤2) 2 is shifted from the distribution observed in the ER, suggesting that the two isoforms traffic to the cell surface with different efficiencies (Fig. 6B ). The observed distribution of bleaching steps is shown in Table 2 .
Nicotine changes the stoichiometry of ␣4␤2 in the ER
We next prepared ER and plasma membrane-specific vesicles from cells expressing ␣4␤2 in the presence of 500 nM nicotine. We observed a clear nicotine-induced shift in the stoichiometry of ER resident ␣4␤2 receptors ( Fig. 6C ). When nicotine was present, single-molecule bleaching step analysis showed the majority of endoplasmic ␣4␤2 assembled as the high-sensitivity isoform, fitting a 55% (␣4) 2 (␤2) 3 and 45% (␣4) 3 (␤2) 2 distribution (Fig. 6C ). This shift from the stoichiometry seen in the absence of nicotine indicates that nicotine drives the assembly of the high-sensitivity isoform, (␣4) 2 (␤2) 3 . Although some groups have previously hypothesized that nicotine alters the assembly of ␣4␤2 receptors (8, 9, 36, 37) , these organelle-specific single-molecule studies allowed us to directly observe the process of nicotine altering the assembly of receptors in the ER for the first time. In addition to nicotine altering the assembly of ␣4␤2 within the ER, the percentage of the high-sensitivity (␣4) 2 (␤2) 3 stoichiometry on the plasma membrane was also increased ( Fig. 6D ). After exposure to nicotine, the distribution of photobleaching events obtained from plasma membraneresident ␣4␤2 nicotinic receptors was fit to a distribution of 70% (␣4) 2 (␤2) 3 and 30% (␣4) 3 (␤2) 2 (Fig. 6D ).
Biased transfection to validate nicotine-induced shifts in receptor stoichiometry
Our studies indicate that nicotine induces a shift toward the assembly of the high-sensitivity stoichiometry in both the ER and the plasma membrane. Biased transfection has previously been used to induce a shift stoichiometry in that mimics that seen with nicotine (38, 39) . We performed a set of control studies to verify that in our experiments we could observe a shift in stoichiometry in the ER and the plasma membrane. We transfected HEK-293T cells with a 1:10 ratio of ␣4-GFP:␤2-wt plasmids and generated vesicles from whole cells, the ER, and plasma membrane. Single-molecule photobleaching analysis studies of the unsorted receptors showed 73% (␣4) 2 (␤2) 3 and 27% (␣4) 3 (␤2) 2 (Fig. 7A ). The ER-originated receptors exhibited 67% (␣4) 2 (␤2) 3 and 33% (␣4) 3 (␤2) 2 (Fig. 7B ). The plasma membrane population exhibited 82% (␣4) 2 (␤2) 3 and 18% (␣4) 3 (␤2) 2 (Fig. 7C ). These control studies verify that our technique is capable of independently measuring organelle-specific shifts in stoichiometry.
Discussion
We have developed a new technique that allows us to perform organelle-specific single-molecule studies on membrane proteins. We utilized this novel method to determine that changes in nicotinic receptor stoichiometry related to nicotineinduced up-regulation (40) are likely driven by both changes in the assembly in the ER and the preferential trafficking of the high-sensitivity stoichiometry. The consequences of these changes are an increase in the number of receptors both in the ER and on the plasma membrane, as well as a shift in stoichiometric distribution toward the high-sensitivity assembly. Previous studies to measure ER specific changes in stoichiometry have primarily been limited by a lack of existing techniques that are capable of directly quantifying subcellular specific structural assemblies of complex proteins in a physiological cellular environment. The isolation of membrane proteins in organellespecific nanovesicles provides a snapshot of membrane protein assembly in each subcellular location at the time the vesicles are generated. We observed that nicotine, cytisine, varenicline, and bupropion all up-regulated the number of receptors on the cell surface. We also observed that these same compounds all altered the stoichiometry of ␣4␤2 nAChRs toward the highsensitivity stoichiometry. Nicotine induced the largest increase in membrane expression and the largest shift toward the high-sensitivity stoichiometry, (␣4) 2 (␤2) 3 . The only previous single-molecule study of ␣4␤2 stoichiometry on the plasma membrane showed that cytisine elicited a shift toward the lowsensitivity stoichiometry in contrast to our findings (17) . This previous study only examined the stoichiometry in the very tip of filopodia projected into 150 -200-nm apertures. This restricted studies to a specialized surface domain likely accounting for the differences seen here. Our studies sample Control  767  53  386  328  54  Nicotine  192  22  112  58  9  Cytisine  357  41  187  130  17  Varenicline  833  94  459  280  30  Bupropion  1089  102  598 
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the entire plasma membrane, providing a snap shot of the whole population trafficked to the cell surface. Our results indicate that a wide variety of molecules with different pharmacological properties including agonists, partial agonists, and antagonists all alter receptor assembly. This suggests a possible connection between ligand-induced up-regulation and changes in receptor assembly. We then performed organelle-specific single-molecule studies of ␣4␤2 nAChRs in the presence and absence of nicotine to resolve the connection between increased expression and changes in stoichiometry. Comparing the distribution between the low-sensitivity stoichiometry and high-sensitivity stoichiometry in the ER and plasma membrane showed a much larger fraction of receptors exhibiting the high-sensitivity stoichiometry on the plasma membrane. This strongly suggests that the high-sensitivity stoichiometry traffics to the cell surface more efficiently than the low-sensitivity stoichiometry. We also observed a shift in the ER stoichiometry toward the high-sen-sitivity isoform in the presence of nicotine. This suggests that nicotine induces an intracellular change in the assembly of the ␣4␤2 nAChR. Biased transfection can shift the production of the ␣4␤2 toward the high-sensitivity isoform. Single-molecule photobleaching event analysis of vesicles from biased transfections experiments confirmed a shift toward the high-sensitivity stoichiometry in vesicles originating from the ER. We observed an even larger shift toward the high-sensitivity stoichiometry on the plasma membrane. The presence of a higher proportion of the high-sensitivity subtype in the plasma membrane compared with the ER verifies the preferential trafficking of the (␣4) 2 (␤2) 3 stoichiometry from the ER to plasma membrane. Fig. 8 summarizes the fitted values from Fig. 6 to illustrate the shift in stoichiometry. The observed differences in organelle stoichiometry show that endogenous assembly in the ER favors the low-sensitivity stoichiometry but that the high-sensitivity isoform is preferentially trafficked from the ER to the plasma membrane. Despite having a lower fraction in the ER, this preferential trafficking results in a larger fraction of high-sensitivity receptors on the plasma membrane. Recent work by several groups has proposed that nicotine acts as a pharmacological chaperone either altering the assembly of nAChRs or influencing the trafficking. Previous studies have also shown that this increases the numbers of ␣4␤2 nAChRs in the ER and the plasma membrane. In these studies, we confirm that increased numbers of receptors in the ER and altered assembly likely play Figure 6 . Single-molecule bleaching step analysis shows organelle-specific differences in ␣4␤2 nAChR isoforms. A, the observed ratio of vesicles showing one, two, or three steps was 0.057, 0.43, and 0.51, respectively (blue columns). These observed values were then fit to a 30:70 (high-sensitivity:lowsensitivity) stoichiometry. The fit was verified using a 2 goodness-of-fit analysis. B, the expression of ␣4␤2 nAChRs on the plasma membrane fit binomial distributions weighted for 56% (␣4) 2 (␤2) 3 and 44% (␣4) 3 (␤2) 2 . The observed fraction of vesicles showing one, two, or three bleaching steps was 0.12, 0.56, and 0.32, respectively. C, for ER resident receptors in the presence of nicotine, the observed fraction of one, two, and three bleaching steps were 0.086, 0.59, and 0.33, respectively. These observed values were then fit to a 55:45 distribution. D, the observed fraction of vesicles with one, two, or three bleaching steps were 0.11, 0.67, and 0.22, respectively. This was fit to a 70:30 distribution. The error bars for the subunit distribution are based on counting events and are calculated as the square root of the counts. Altered stoichiometry of nAChRs roles in plasma membrane up-regulation but are only part of the mechanism. Upon addition of nicotine, the assembly of subunits into a pentamer within the ER is altered to a higher ratio of high-sensitivity receptors that can then be efficiently trafficked to the cell surface. This suggests a mechanism of nicotine-induced plasma membrane up-regulation that is tied to increased numbers of receptors in the ER, preferential trafficking, and a change in assembly. The shift in assembly of ␣4␤2 nAChRs within the ER upon exposure to nicotine toward the preferentially trafficked high-sensitivity isoform is likely responsible in part for the nicotine-induced up-regulation that has been previously observed. It is possible that residues in the M1-M2 and M3-M4 loops on the intracellular side of each of the subunits of ␣4␤2 regulate preferential trafficking to the cell surface. These intracellular loops contain a number of ER retention and ER exit motifs, as well as sites that undergo post-translational modification in the secretory pathway (9, 41) . These same processes are also responsible for targeted trafficking to neuronal subcellular regions. Additionally, recycling from the Golgi back to the ER has been shown to be necessary for nicotine-induced upregulation of some nicotinic receptor subtypes (16) . It is likely that differences in post-translational modification sites of the intracellular regions of ␣4 and ␤2 lead to the observed differences in trafficking between the two stoichiometries. Employment of our organelle-specific single-molecule method enabled the distinction between changes in trafficking compared with changes in assembly of ␣4␤2 nicotinic receptors to partially delineate the underlying mechanism of nicotine-induced up-regulation.
Experimental procedures
Plasmid constructs for fluorescently labeled nicotinic receptors (SEP and GFP) were generated as previously reported (26) . The ␣4-SEP construct was made by fusing the DNA sequence of SEP to the 3Ј end of the DNA sequence of the ␣4 subunit. GFP constructs were made by inserting the label between the M 3 and M 4 transmembrane segments of the ␣4 subunit. Both constructs have been shown to produce functional receptors in previous studies (25, 42, 43) .
Cell culture
Undifferentiated mouse neuroblastoma 2a (N2a) cells were employed to study the trafficking of ␣4␤2 nAChRs. N2a cells were cultured and maintained with an N2a growth medium (equal volume mixture of DMEM and OptiMEM supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin) at 37°C with 5% CO 2 in a humidified incubator. Approximately 90,000 N2a cells were plated on a poly-D-lysine-coated glass-bottomed dish (35 mm in diameter; Cell E&G, San Diego, CA). The coated dish was prepared by incubating it with 0.1% poly-D-lysine in sterile deionized water at 37°C for 1 h. The unbound poly-D-lysine was removed by rinsing with sterile deionized water, and the dish was dried for 2 h in a biosafety hood. After 16 -24 h, the N2a cells were transfected with 500 ng Figure 7 . Biased transfection of ␣4␤2 to shift assembly toward the high sensitivity ((␣4) 2 (␤2) 3 ) subtype in both the ER and the plasma membrane. The expected distribution of one, two, and three photobleaching steps was determined by weighting two binomial distributions, and the fit of expected and observed distribution was validated using a 2 goodness-of-fit test. The assigned weights represent the proportion of the high-and low-sensitivity stoichiometries. A, the observed photobleaching distribution of the receptors obtained from the whole-cell homogenate fit with the expected distribution obtained with 73% (␣4) 2 (␤2) 3 and 27% (␣4) 3 (␤2) 2 . B, the ER originated receptors exhibited a photobleaching step distribution which agreed with 67% (␣4) 2 (␤2) 3 and 33% (␣4) 3 (␤2) 2 stoichiometries. C, the stoichiometry for receptors from the plasma membrane was 82% (␣4) 2 (␤2) 3 and 18% (␣4) 3 (␤2) 2 . The error bars for the subunit distribution are based on counting events and are calculated as the square root of the counts.
Figure 8. Organelle-specific single-molecule studies reveal a combination of endogenous preferential trafficking, and an intracellular increase in assembly may be responsible for nicotine-induced up-regulation.
A, organelle-specific single-molecule photobleaching step studies of stoichiometry show that in the absence of nicotine, ␣4␤2 predominately assembles into the 3␣ stoichiometry (blue) (70%). B, in the absence of nicotine, the 2␣ stoichiometry (green) is preferentially trafficked to the cell surface, resulting in a higher proportion of receptors on the cell surface having the 2␣ stoichiometry. C, in the presence of nicotine, the intracellular assembly of ␣4␤2 is altered to favor the high-sensitivity, 2␣ isoform (green). D, the increase in availability of the preferentially trafficked stoichiometry, (␣4) 2 (␤2) 3 , leads to an even higher proportion of the 2␣ stoichiometry (green) on the plasma membrane (70%).
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of each ␣4-SEP and ␤2-wt plasmids with 2 l of Lipofectamine 2000 as described previously (26) . Briefly, cells were transfected for 24 h, followed by a 24-h incubation in growth media prior to imaging. Transfection mix was prepared by incubating a mixture of 250 l of OptiMEM and 2 l of Lipofectamine 2000 transfection agent for 5 min at room temperature, followed by a 25-min room temperature incubation upon combination with a mixture of 250 l of OptiMEM and 500 ng of each plasmid DNA. The 500 l of transfection mix was added to preplated cells in 1.5 ml OptiMEM. After 24 h, transfection medium was replaced with N2a growth medium for an additional 24-h incubation. Transfected cells were imaged 48 h after initial transfection. When applicable, 500 nM of each nicotinic ligand, (Ϫ)-nicotine hydrogen tartrate salt (Ͼ98%), bupropion hydrochloride (Ͼ98%), varenicline tartrate, or (Ϫ)-cytisine (Ͼ99%), was added to the transfection medium and replenished later in the growth medium. Transfection efficiency was generally 80% and was not significantly altered by the presence of any of the ligands.
Total internal reflection fluorescence
The TIRF microscope system employed to visualize SEP or GFP molecules was previously described (26, 44) . Briefly, a 488-nm DPSS laser excitation source was directed toward the back aperture of an objective (60ϫ, 1.49 NA) mounted on an inverted microscope (Olympus IX81). The angle of excitation light was adjusted to obtain total internal reflection through the objective using a stepper motor that translated the beam across the back aperture of the objective. The emission was collected though the objective, and a dichroic mirror was used to direct the light to an EMCCD camera (Andor).
Receptor expression and distribution
For in vivo fluorescence imaging studies, the growth medium of the transfected N2a cells was replaced with an extracellular solution (10 mM HEPES, 10 mM D-glucose, 150 mM NaCl, 4 mM KCl, 2 mM MgCl 2 , and 2 mM CaCl 2 ) of pH 7.4. The dish was then mounted on a translational stage, and the cells were located by exciting the SEP molecules with a 488-nm laser (ϳ1 milliwatt) source. Images of cells were captured using an EMCCD camera with a 200-ms exposure time. The extracellular solution was then replaced with an identical solution of pH 5.4, followed by a 10-min stage-top incubation before capturing images of the same cells. An open source software, ImageJ (National Institutes of Health) was employed to analyze the images. Background was subtracted using the rolling ball background subtraction with a diameter of 25 pixels. A freehand region of interest (ROI) was drawn around a cell, and an intensity based threshold was used to obtain an integrated density for each cell. The integrated density of the cell at pH 5.4 (ER ID) is subtracted from the integrated density of the same cell at pH 7.4 (total ID) to calculate the relative number of receptors on the plasma membrane or PMID. The percentage of receptors located on the plasma membrane within the TIRF region of excitation (%PM) is calculated by dividing the PMID by the total ID at pH 7.4, multiplied by 100. The data are reported as the means Ϯ S.D.
Nanovesicle preparation
HEK-293T cells were cultured and maintained with a growth medium (DMEM supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin) at 37°C temperature with 5% CO 2 in a humidified incubator. Three million HEK-293T cells were plated in a Matrigel-coated T75 flask 16 -24 h prior to transfection. The cells were transfected with 14 l of Lipofectamine 2000 and 3.5 g of each plasmid as previously described (25, 26) . For biased expression experiments, a 1:10 transfection ratio of ␣4-GFP:␤2-wt using 1 g of ␣4-GFP and 10 g of ␤2-wt was employed. Briefly, a mixture of 250 l of OptiMEM and the above mentioned amount of ␣4-GFP and ␤2-wt plasmids was prepared. Separately, 14 l of Lipofectamine 2000 was added to 250 l of OptiMEM and incubated for 5 min at room temperature before being added to the DNA mixture. This new mixture was incubated at room temperature for 25 min. Afterward, the transfection mixture was added to the flask of HEK-293T cells. The following day, vesicles were prepared from transfected cells as previously described (25) . Briefly, the cells underwent nitrogen cavitation at 250 p.s.i. for 5 min while suspended in 5 ml of sucrose-HEPES buffer supplemented with a protease inhibitor (250 mM sucrose, 10 mM HEPES, 1 Pierce protease inhibitor mini tablet per 10 ml of buffer (ThermoScientific), pH 7.5). Cell lysate was then centrifuged at 4000 ϫ g for 10 min. Supernatant was collected and centrifuged at 10,000 ϫ g for 20 min. Supernatant was again collected and centrifuged at 100,000 ϫ g for 1 h. The pellet was resuspended in 800 l of sucrose-HEPES buffer (250 mM sucrose, 10 mM HEPES, pH 7.5). Nanovesicles were stored at Ϫ80°C until use.
Generation of ER and plasma membrane vesicles
HEK-293T cells were transfected as described above. After transfection for 24 h, transfection mix was removed, and the cells were rinsed once with PBS. To generate nanoscale plasma membrane vesicles containing a single nAChR, transfected cells were first swollen for 20 min in a hypotonic solution (10 mM NaCl, 10 mM Tris-HCl, 1.5 mM MgCl 2 , 0.2 mM CaCl 2 , pH 7.4) at 0°C. To prepare both plasma membrane and ER-derived vesicles, the cells were treated with 5 ml of 1ϫ Versene (Invitrogen), incubated at 37°C for 5 min, and pelleted by centrifugation at 200 ϫ g for 5 min, as previously described. The cell pellet was resuspended in 3 ml of sucrose buffer plus protease inhibitors (250 mM sucrose, 10 mM HEPES, 1 Pierce protease inhibitor mini tablet per 10 ml of buffer (ThermoScientific), pH 7.5) before undergoing nitrogen cavitation in a nitrogen decompressor (Parr Instrument Company, Moline, IL). To generate ER nanovesicles, the cells were pressurized to ϳ250 p.s.i. for 20 min. At this pressure, plasma membrane rupturing is minimal, and therefore nanoscale vesicle formation from this organelle is negligible. To generate plasma membrane nanovesicles, the cells were pressurized to ϳ600 p.s.i. for 20 min. The cell lysate was collected and dispensed onto an OptiPrep gradient. 
Separation of organelle-specific vesicles
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to purify organelle-specific nanovesicles. Gradient solutions of OptiPrep were prepared by diluting the 60% stock solution to 30, 20 , and 10% in sucrose-HEPES buffer (250 mM sucrose, 10 mM HEPES, pH 7.5) and stored at 4°C. The gradient was prepared in an Ultra-Clear centrifuge tube (Beckman Coulter), with 3 ml of the densest fraction added first. ER or plasma membrane nanovesicles containing cell lysate, based on nitrogen pressure during cavitation, was dispensed on top of the 10% fraction, before centrifugation at 112,000 ϫ g for 1.5 h. After centrifugation, nine 1-1.5-ml fractions, with density interfaces in the same fraction, were collected using a peristaltic pump. Tubing connected to the pump was vertically inserted into the centrifuge tube so that the highest density fraction is collected first. After fractionation, OptiPrep was removed from nanovesicles by centrifugation at 10,000 ϫ g for 1 h.
Western blot analysis
Resuspended OptiPrep fractions containing membrane proteins were ran on a prepackaged NuPAGE 4 -12% Bis-Tris gel (Life Technologies), followed by transfer to a nitrocellulose membrane. The membrane was first blocked for 1 h with a PBST solution (5% nonfat milk, 0.1% Tween in PBS). Primary antibodies specific for calnexin (Santa Cruz, calnexin antibody (H-70), catalog no. sc-11397) or PMCA (Santa Cruz, PMCA antibody (D-1), catalog no. sc-271193) were added to the membrane in a 1:1000 dilution and incubated overnight at 4°C. Endogenous calnexin is solely found in the membrane of the ER, whereas PMCA is expressed on the plasma membrane, thus providing a means to identify fractions that consist of exclusively ER or plasma membranes. After overnight incubation, primary antibodies were removed by four repeated 5-min washes with PBST. Secondary rabbit antibody (calnexin) or mouse antibody (PMCA) (Jackson ImmunoResearch) was added in a 1:5000 dilution and incubated for 1 h at room temperature, followed by another series of four repeated 5-min washes with PBST. Bands were visualized by addition of Western blotting substrate for chemiluminescence (Clarity; Bio-Rad) on a Chemi-Doc system (Bio-Rad). To validate these results, blots were repeated with a completely different set of antibodies. For primary antibodies, we used 1:2000 diluted rabbit monoclonal anti-calnexin (catalog no. ab92573, Abcam) for ER identification and 1:2000 diluted rabbit monoclonal anti-Na,K-ATPase (catalog no. ab76020, Abcam) for plasma membrane identification. In both sets of orthogonal studies, the ER and plasma membrane bands matched the expected molecular weights.
Imaging nanovesicles
A 35-mm glass-bottomed dish was cleaned by sonicating the dish in 5 M NaOH solution for 30 min at 45°C and then in 0.1 M HCl solution for 30 min at 45°C. The dish was rinsed with water, sprayed with 100% ethanol three times after each step, and then dried using compressed air. Finally, the dishes were treated in an oxygen plasma (21% oxygen for ϳ5 min). A biotinylated anti-GFP antibody functionalized glass-bottomed dish was prepared by incubating a cleaned dish at room temperature with 1 mg/ml Silane-PEG-Biotin in 95% ethanol for 30 min, 0.1 mg/ml NeutrAvidin in PBS (1ϫ PBS, pH 7.4) solution for 5 min, and finally 1 g/ml biotinylated anti-GFP antibody in PBS for 15 min. Between each of the steps, the dish was rinsed three times with 1ϫ PBS solution. Vesicles were immobilized on the biotinylated anti-GFP antibody functionalized dish by adding 50 -200-fold diluted vesicles in PBS for 30 min at room temperature. The unbound vesicles were removed by rinsing with PBS, and ϳ1 ml of PBS solution was added to the dish. The microscope setup employed to capture images for SEP based studies was also utilized to obtain movies of about 1000 frames (100 ms of exposure time) during 488-nm laser excitation (ϳ3 milliwatts).
Data analysis
A customized software package was written in Matlab to populate time traces from the movies collected with immobilized vesicles. Briefly, the first 10 frames of a movie were combined together to make a composite frame, which was utilized to find peaks with a user defined threshold level. A 3-pixel by 3-pixel ROI was selected for each peak position to obtain the mean intensity of the ROI. A 5-pixel by 5-pixel ring around the peak was selected, and the mean value of the pixels located on the ring was considered as background that was subtracted from the mean value of the ROI of the corresponding frame to obtain a background subtracted mean intensity of the ROI. Time traces for all peaks were stored in a temporary file. During the initial evaluation, a time trace of the temporary file was accepted if the difference of the mean of the intensities of first 20 frames and last 20 frames was more than twice the standard deviation of last 20 frames. All time traces for the qualified molecules were collected and stored for further analysis.
A photobleaching step was counted only if it lasted at least 1 s and the intensity levels of a step and the next lower level had a difference of at least twice the standard deviation of the lower level. A time trace was considered to arise from a single-molecule if it showed at least one clear bleaching step. Each set of data was independently analyzed at least twice, and the results were compared.
Data fitting
The probability of observing a photobleaching event from a GFP molecule is less than 1. Therefore, a binomial distribution was employed to determine the distribution of the number of photobleaching events observed from a population of GFP-labeled receptors. A general equation for observing k number of photobleaching events from n number of GFP-labeled receptors can be written as, where p is the probability of observing a photobleaching event from a GFP-labeled subunit, which has been previously determined as 0.90 (25) . A matrix (M 2 ) with the probabilities of obtaining one, two, and three photobleaching events from two GFP containing ␣4␤2 nAChRs (i.e. (␣4-GFP) 2 (␤2-wt) 3 ) can be written as follows. M 2 ϭ ͓F͑1; 2, 0.9͒, F͑2; 2, 0.9͒, 0͔ (Eq. 2)
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Similarly, matrix M 3 , containing the probabilities of observing one, two, and three photobleaching events from three GFP containing ␣4␤2 nAChRs (i.e. (␣4-GFP) 3 (␤2-wt) 2 ), can be expressed as shown in Equation 3 . Because the probability of obtaining zero photobleaching events from two or three GFP-labeled ␣4␤2 nAChRs can be greater than zero, the probability distributions M 2 and M 3 were normalized as follows, where MЈ 2 and MЈ 3 are normalized probability distribution matrices corresponding to M 2 and M 3 , respectively; S 2 ϭ F(1; 2,0.90) ϩ F(2;2,0.90) ϩ 0, and S 3 ϭ F(1;3,0.90) ϩ F(2;3,0.90) ϩ F(3;3,0.90).
Because the experimentally observed distribution emerged from a mixture of (␣4-GFP) 2 (␤2-wt) 3 and (␣4-GFP) 3 (␤2-wt) 2 stoichiometries, a theoretical probability distribution (T pd ) was computed by providing a weight to each normalized probability matrix as follows,
where a 2 and a 3 are the weights assigned to MЈand MЈ 3 distributions, respectively, and a 2 ϩ a 3 ϭ 1. Therefore, a 2 and a 3 are the proportions of (␣4-GFP) 2 (␤2-wt) 3 and (␣4-GFP) 3 (␤2-wt) 2 stoichiometries, respectively. This probability distribution (T pd ) was multiplied by total number of observed one, two, and three photobleaching events to generate a theoretical distribution. A 2 goodness-of-fit test was employed to compare theoretical and observed distributions. The error bars for subunit distribution are based on counting events and are calculated as the square root of the counts (31) . The values of a 2 and a 3 were iteratively assigned and a 2 goodness-of-fit test statistics was calculated for each set of a 2 and a 3 . A customized Matlab script was written to calculate a 2 and a 3 from the best 2 goodnessof-fit test statistics.
